Introduction
The forces acting between amphiphilic structures (aggregates) such as micelles, bilayers, vesicles and microemulsion droplets in water determine many important phenomena, for example, their stability to aggregation. in dilute solution, their phase behaviour in concentrated solution, the thickness of soap films, etc. By contrast, the forces acting between the same amphiphilic molecules within these structures determine the type of structure they self-assemble into, their shape, size, polydispersity and phase state, and in particular how these parameters are sensitive to changes in the solution conditions. For unlike solid (i.e. rigid) colloidal particles, the forces holding amphiphiles together within aggregates are weak (*) Laboratoire LA 190 Associe au C.N.R.S.
(viz. van der Waals, screened electrostatic, and solvation forces), which usually results in fluid-like structures that change their size and shape when the solution conditions, temperature, or surfactant concentration is changed. These factors, however, are the same as those that affect the forces between these structures (or any colloidal particles in general).
The purpose of this paper is to investigate how the intermolecular forces within amphiphilic aggregates are correlated with the forces betweel aggregates, how this interdependence manifests itself in practical terms, and how it may be quantified.
While such correlations have been noticed before [1] [2] , or a uniform surface polarization density in the case of hydration (solvation) forces [3, 4] . Further, the interface itself is usually modelled as a discontinuous dielectric boundary. By so treating surfaces as homogeneous planar discontinuities rather than made up of discrete molecular groups (amphiphilic head-groups, for example) it is not readily apparent how the forces .between these groups can be related to the forces between the surfaces. Note however, that these formulations are the result of mean field approximations and are not due to an inherent assumption where one disregards the direct interaction between the ionic head groups at the surface (1) .
In this paper we adopt another approach where right from the start we assume that the forces between individual head-groups within aggregates are the same as those that give rise to the net force between the aggregates. In other words, a single interaction potential is postulated to describe both.
This work can be considered as an attempt to generalize to neutral systems what has been established for charged systems.
In section 2 we proceed with a theoretical discussion of the problem, and in particular we derive a simple expression for the repulsive hydration potential between two head-groups. In section 3 we apply this potential in a detailed quantitative analysis of lecithin bilayers, while in the final section 4 we discuss the broader implications of the results and show that there are many other systems to which the « principle of interdependence » applies.
2. Nature of the interactions within and between aggregates.
2.1 THEORETICAL BACKGROUND. -First we consider the interaction forces between amphiphiles (surfactants, lipids) within aggregates that determine the type of structure that they self-assemble into. This has been well described and reviewed in the literature [ 1, 5] and only the essential features will be given here.
For amphiphiles whose hydrocarbon chains are in the fluid state (i.e. surfactants above their Krafft point) their optimum head-.group area ao is determined by a balance of two « opposing forces » (6) acting mainly in the interfacial head-group region. The attractive (hydrophobic) energy contribution per molecule may be expressed as ya where a is the head-group area and where y, the hydrocarbon-water interfacial (hydrophobic) free energy, is in the range 20-50 mJ/m2 [1, [7] [8] [9] . The [1, 9] . For fluid hydrocarbon chains the optimal area should be independent of the number of chains or the chain length, as is indeed found experimentally [10, 12] since the van der Waals attraction between chains gives a very small contribution compared to these two terms.
The optimal head-group area is a very important parameter since (when it is taken together with the chain volume and chain length) it determines the types of aggregates that are formed and many of their physical and thermodynamic properties [1, 5, 9] . From the preceding paragraph it is also apparent that the head-group area ao is mainly determined by the repulsive forces between head-groups, since the attractive component y is more or less constant [7] [8] [9] Payens [ 13] and Forsyth et al. [ 14] on the assumption of a smeared out surface charge, and their interplay with the attractive interfacial force has been analysed by Parsegian [7] and by Wennerstr6m and Jonsson [8] . The steric repulsion, which depends primarily on the sizes of molecules or molecular groups which may be modelled by hard spheres, discs or cylinders [ 15] was first considered by Langmuir [16] . However [19] . The importance of steric repulsion between fluid bilayers is still controversial [20] , Huh [21] applied the theory of Dolan and Edwards [22] [23] , and long wavelength elastic undulations of bilayers [24, 25] . Again, the effect of water of hydration in increasing the effective excluded volume of head-groups and in modulating the undulation forces is to enhance their magnitude and range [25] .
Finally, we briefly mention the various theories that have been proposed to account for the strong exponentially repulsive « hydration &#x3E;&#x3E; force measured between lecithin bilayers [26] . The mean field theory of Marcelja and Radic [3] later extended by Gruen and Marcelja [4] considers hydration forces in general as due to the decaying polarization of water molecules away from a surface, although a more realistic molecular dynamics simulation of this system [27] shows that an oscillatory force is expected when the discrete molecular nature of water is taken into account Jonsson and Wennerstrom [28] proposed a highly specific theory (for lecithin bilayers alone) based on the interactions of the zwitterionic (dipolar) headgroups on one surface with their electrostatic images « reflected &#x3E;&#x3E; by the other. Somette and Ostrowsky [24, 25] have extended a previous calculation by Helfrich [29] where is the order parameter correlation length.
b) The unknown region where the interaction is strong (near a solute particle for example) which corresponds to a breakdown of the validity of the weak coupling limit is subsumed in the boundary conditions that one has to implement to the EulerLagrange equations derived from the minimization of the total free energy. Provided one can experimentally determine the boundary conditions (this may be the difficult point) the problem is well-defined.
The continuous limit of the free energy density in the LG expansion neglects the discrete nature of the solvent and should be ideally used only when relevant distances are larger than the molecular size. In this limit, the variation of, say, an exponential sinusoidal correlation function is averaged to an exponential. However, even if the correlation length and molecular separation are comparable we can still expect a qualitative description [31] . In We further assume that the polar-head groupwater interaction is modelled by a spherically symmetric radial boundary condition (see Fig. 1 [37] . Now, the interaction between two polar-heads is computed using a differential method. If the distance d between the two head-groups is increased by bd by introducing a fluid slice of thickness bd in the vicinity of the medium plane between the head-groups, the total free-energy of the solvent will change by the (2) This approximation is valid as long as the « extra= polation » length A is shorter than the correlation length ~. (The extrapolation length is defined as the ratio between the coefficient of the gradient term and the coefficient of the quadratic term of the surface free energy [44] .) The physical status of the extrapolation length can be clarified by relating it to the range and anisotropy of the microscopic interactions in the bulk and near the surfaces [44] .
When A is not small compared to ~, the physical behaviour at surfaces is governed by the interplay of these two characteristic lengths. One can then show that expression (14) for the interaction energy between spherical head groups (derived in the limit h -0), is The first term in the r.h.s. of equation (8) is nothing more than the functional derivative of Fd { P } with respect to P at fixed volume Vd, and is zero as seen on inspection of the Euler-Lagrange equation (4) .
The second term arises from the integration by part and the sign derives from the choice of the sense of the x-axis and recalling that the slab (3) is not in Yd. Equation (7) can then be written as : Developing allows to express 6F to first order in bd as :
The first term in the r.h.s. of equation (10) does not contribute to equation (11) since it cancels out with the two contributions from x = ± 6dl2.
The pressure resulting from the interaction between the head-groups is simply and F is computed up to an additive constant by integrating equation (11) .
The calculation now requires the form of the polarization profile P(x, r 1-) and of its first derivative. This is done in the appendix taking a specific model for the free energy density [31 ] : and using a superposition approximation which amounts to saying that P(x, r.1) and its first derivatives are given by the sum of their values computed for isolated head-groups. We finally obtain where d is the distance between the two head-groups and where A is given by R is the radius of a polar head (Fig.1 ) .
We can now use this formulation equation (14), for the hydration force, to link up the solvation force between head-groups (within a bilayer) with that between two opposing bilayers. 3 where a is the hard-core diameter of a head-group. The integral in equation (18) gives the sum of all pair hydration interactions between all head-groups in a bilayer and the head-group at the origin. Its expression in equation (18) corresponds to the zeroth order term in a development of the free energy in powers of the fluctuating part of the density [31] . ao is then given by which yields we can now replace expression (20) for ao in equation (17) and obtain :
where The corresponding pressure is with Equations (22) and (23) (20)), it is clear that G should not depend explicitely on A. In other words, this result qualitatively says that when A increases (due to ion binding for example), ao increases so that the surface density of head-groups decreases leading to an unchanged inter-bilayer interaction energy, if we neglect the change of ~. Note however that for our approach to be consistent, we should have added the energy given by equation (17) to the freeenergy per polar heads. This gives a correction of d-(1 amplitude (2 e ~ ) times the hydration force computed in equation (18) which is negligeable as long as -r is larger than a few units.
However for smaller separation, the coupling between bilayers as well as the correction terms involving the higher order contributions in power of the fluctuating part of the density should become relevant and equation (22) should no more be valid. Let us now examine quantitatively equations (22) - (23) . We can extract an order of magnitude for the pressure amplitude no by taking y = 50 which yields 1011 dynes/cm'. This is well within the experimental range [18] . Moreover, our model predicts that the pressure amplitude is related to the hydration range ~ as shown in equation (23) . To test this feature, we have plotted in figure 3 , Log Ho as a function of 1 /~ which should obey the following scaling form :
The grouping of the experimental points taken from reference [18] on a straight line is rather remarkable considering the crudeness and level of approximation of the model.
The prediction (23) verified quite accurately in figure 3 thus presents strong evidence for the quantitative correlation between the forces determining the structure within a bilayer and those occurring between adjacent bilayers. This can be stated alternatively as follows :
The decay length ~ varies from system to system in a way that correlates with the area per polar group. However, in the Landau-Ginzburg theory presented [18] , table I, which gives the repulsive hydration pressures J7(J) = no e-"/4 for these lipid bilayer systems (as well as for three other lipids, two in the frozen state and one at 50 °C -not included in this plot). The slope of the straight line yields an estimate of the hard-core radius (1 '" 8 A. in § 2.2, ~ is identified as the correlation length and should be constant for a given solvent at a given temperature (at constant pressure). This apparent inconsistency is clarified in note (2) where the ~ used in equation (14) is argued to be related to the true correlation length and also to another characteristic « extrapolation » length, function of surface quantities.
However, explaining in details the precise origin of the change of the decay length ~ with each lipid system, would take us outside the scope of the paper and does not seem feasible without a careful analysis of the direct water correlation functions in the bulk and near the disturbing surfaces.
An idea, analogous to the one discussed in this paper, has been put forward very recently in the context of phase separation of micellar solutions [38] . Regarding intermicellar interactions as resulting from pairwise interactions between amphiphiles of different micelles the authors of reference [38] have been able to demonstrate the existence of a link between selfassociation and phase separation via low-order moments of the micelle distribution using a classical thermodynamic approach.
Let us finally mention that our development in section 3 can be applied also in the presence of other types of interactions (and not only hydration) as long as they are short-ranged (i.e. showing exponential decay) and that the pairwise additivity approximation holds. [23] .
(ii) All [13] . However, it is not yet clear whether the theory of Jonsson and Wennerstrom [28] or that of Somette and Ostrowsky [25] It is also possible that the hydration force between head-groups involves a combination of some of these effects. Thus, it is very likely that the intrinsic hydration force is oscillatory, possibly superimposed on a monotonic repulsion [42] , and that the thermal fluctuations of head-groups and bilayers smear out the oscillatory nature of the force-law leaving a purely monotonic repulsion that is enhanced by the thermal fluctuations (i.e. a combination of hydration and steric effects [20, 23, 25] . However, these interesting developments take us outside the scope of this paper.
Appendix A.
In this appendix, we give the main steps leading to equation (14) in the text. As seen from equation (11) (A. 9) shows that a large distances (~ld 1) the contribution of the terms involving derivations are dominant. This is reminiscent of the planar problem [3] where indeed only the gradient term contribute to the repulsive interaction. Examination of equation (11) where Pi is the ith component of P.
The general solution then takes the form is the spherical harmonic of order (l, m).
The coefficient are obtained by imposing the boundary condition Pi(r, 0, q5) = Poi on the surface r q5). We find the previous treatment for the special case T) = R by taking the angular integral :
which must be equal to
